ABSTRACT: A simple and efficient formulation is developed to describe the effects of wind speed and direction on ground level precipitation intercepted by steep mountain slopes. A 3D rainfall field is reproduced from measurements of (vertical) precipitation intensity, wind speed, and wind direction. The Marshall-Palmer drop size distribution is used to express the volumetric precipitation water content as a function of measured precipitation intensity, and raindrops are assumed to move horizontally with the measured wind speed and direction. Land topography is described using digital elevation model data, and local contributions to ground level precipitation are calculated as the interception of the obtained 3D rainfall field by horizontal and vertical surfaces that constitute the elemental land surface systems. The developed formulation is tested at the Acquabona and Fiames mountain slopes, located in the Northern Italian Dolomites, near the town of Cortina d'Ampezzo, where debris flow phenomena often occur. Simulation results are corroborated, although in an indirect and approximate manner, by field estimates of debris flow volumes delivered by the considered mountain slopes in response to monitored storm events. Although more accurate and comprehensive validation is needed, the developed formulation appears to constitute a useful diagnostic tool for providing interpretation of storm-flow hydrographs delivered by steep mountain slopes in response to storm precipitations affected by wind.
INTRODUCTION
It has been shown by many researchers that unknown spatial and temporal distribution of rainfall input is one of the most significant reasons causing errors in runoff simulations [e.g., Wilson et al. (1979) , Troutman (1983) , Whoolhiser and Goodrich (1988) , Krajewski et al. (1991) , and Ogden and Julien (1993) ]. To improve the description of rainfall fields, attention has mainly been focused on the space-time variability induced by the highly dynamic developing and dissipating of complex cloud structures [e.g., Austin and Houze (1972) , and Gupta and Waymyre (1979) ]. Another source of variability on nearsurface rainfall redistribution may arise in mountain areas from the effect of perturbed airflows. Bradley et al. (1997) recently examined the effect of potential airflows over barriers and demonstrated that under certain conditions precipitation enhancement can occur on the leeward side.
Little attention has been devoted until now to the interception/sheltering role of rugged terrains on precipitation affected by wind for the direct quantification of ground level precipitation. Wind may produce significant horizontal precipitation flux components in addition to the vertical component measured by rain gauges, and the interconnection of these components with steep land surfaces may be hydrologically relevant, especially for the description of hillslope and small catchment storm-flow responses. To provide an explicit description of the rainfall-wind-topography interconnection in rugged terrains for practical use, two steps seem to be necessary. The first step is to reproduce an adequately reliable 3D rainfall field from measurements of (vertical) precipitation intensity, wind speed, and wind direction. The second step is to provide a detailed description of land surface topography and its interception/sheltering action on the reproduced 3D rainfall field. A simplified formulation is developed in the present pa-1 Res. Asst. Prof. of Water Engrg., Dipartimento di Ingegneria, Università degli Studi di Ferrara, Via Saragat 1, I-44100 Ferrara, Italy. Email: stefano@idra.ing.unife.it 2 Prof. of Fluid Mech., Dipartimento di Ingegneria delle Strutture, dei Trasporti, delle Acque, del Rilevamento, del Territorio, Università degli Studi di Bologna, Viale Risorgimento 2, I-40136 Bologna, Italy. E-mail: alberto@idraulica.ing.unibo.it
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FORMULATION
The developed formulation is designed to improve the distributed description of ground level precipitation intercepted by steep mountain slopes during atmospheric conditions characterized by simultaneous rainfall and wind. As sketched in Fig. 1 , the information content of digital elevation model (DEM) data may be used by assigning to each DEM cell of the catchment an intercepting land surface system composed of one horizontal projection A 0 and of four vertical lateral surfaces A i Ն 0 (i = 1, . . . , 4) assumed positive when corresponding to higher neighboring cells (e.g., A 1 and A 2 in Fig.  1 ) and set to zero when corresponding to lower neighboring cells (e.g., A 3 and A 4 in Fig. 1 ). With this conceptualization, precipitation discharge P c intercepted by the DEM-based elemental land surface system is given by
where p = apparent precipitation water flux; and n i = unit interior vector normal to A i (i.e., directed to the land surface, as described at the elemental DEM scale by faces A i ) (i = 0, . . . , 4). Note that negative scalar products p и n i A i (i = 1, . . . , 4) imply sheltering (rather than interception) effects produced by lateral surfaces A i on the land surface system. The components of p (p x , p y , p z ) can be related to the corresponding components of the raindrop velocity vector p* (p*, p*, p *) 
y y then p x and p y can be expressed on the basis of (2) and (3)
y y where = volumetric precipitation water content as given by
The component p z is explicitly expressed from the (vertical)
Note that the direction of the wind vector w introduced above denotes the direction to which the moving air goes and differs from the concept of measured wind direction, which normally denotes the direction from which the moving air comes. From simple dynamic considerations one can verify that raindrops horizontally dragged by wind tend to assume the wind speed in relatively short times (on the order of a few seconds) with respect to the sampling time resolutions of rainfall and wind; thus, (5) and (6) seem to be quite reasonable for hydrologic modeling purposes. Perhaps more importantly, it is acknowledged here that (7), (8), and (10) are obtained under the simplifying assumption that wind fields (and their effects on raindrops) can adequately be expressed by measured horizontal components w x and w y , although complex 3D airflows may develop in steep mountainous areas. On the basis of detailed field investigations conducted by Lenard (1904) and on the related work by Laws and Parsons (1943) , Marshall and Palmer (1948) first suggested that drop size distributions, except for very small sizes, are of an approximate negative-exponential form, that is
0 where the intercept parameter N 0 was remarkably found to be a constant given by
0 and the slope factor ⌳ was found to depend only on precipitation intensity R in millimeters per hour as given by
On the basis of (11), the volumetric precipitation water content given by (9) can be expressed (Rogers and Yau 1989) . In addition, recent detailed measurements of drop spectra by Jones (1992) showed essentially logarithmic fall-off with diameters above a peak at about 1 mm, and this suggests that, especially for rainfall dominated by large drops (i.e., thunderstorms), it may be reasonable to use simple exponential distributions. As discussed in Pruppacher and Klett (1978) , several detailed studies also have demonstrated that the Marshall-Palmer distribution is not sufficiently general to describe many observed raindrop spectra accurately. In particular, Joss et al. (1968) , Joss and Waldvogel (1969) , Sekhorn and Srivastava (1971) , and Waldvogel (1978) , among others, have pointed out that N 0 cannot be considered a constant but rather a function of R and also the functional dependence of ⌳ on R varies. This implies that formulations based on (11) may hardly have general validity and parameters N 0 and ⌳ must be referred to the specific precipitations of interest. As mentioned in the previous section, the precipitations of interest in this work are summer thunderstorms of convective nature, and (12) and (13) are assumed to be adequate under these atmospheric circumstances. Finally, it is noted that wind-induced errors on the rain gauge (vertical) precipitation measurements R detected by many researchers [e.g., Larson and Peck (1974) ] are not presently incorporated into (10) and (15). These errors were recently found by Nespor (1997) (on the basis of a detailed analysis of turbulent flow fields around rain gauges) to be relevant (>10%) only for low liquid precipitation intensities (<1 mm h Ϫ1 ) and for snow precipitations, whereas for high liquid precipitation intensities (greater than about 3 mm h Ϫ1 ) errors were found to be <5%. The effect of wind on precipitation intercepted by the elemental DEM-based land surface system sketched in Fig. 1 can be expressed in terms of equivalent vertical precipitation intensity
where negative values of P c are neglected. Neglecting negative values of P c by means of the operator max(и, 0) in (16) implies neglecting the possible sheltering effects of a given DEM cell on the catchment cells beyond the neighboring ones. In other words, the value of P c calculated at a given cell may be influenced by sheltering of the neighboring cells (which constitute the elemental land surface system sketched in Fig. 1 ) but may not be influenced by possible sheltering of cells beyond the neighboring ones. Solving (1) for the elemental land surface system by means of (7), (8), (10), and (15) and incorporating the obtained results into (16) yields
where p c = corrected vertical precipitation intensity at the elemental land surface system (mm h Ϫ1 ); R = measured precipitation intensity (mm h Ϫ1 ); and w x and w y are obtained from Note: A = upstream drainage area; z min = elevation of outlet; z max = elevation of highest peak; z mean = mean elevation; S = mean land surface slope; DO = mean drainage orientation with respect to north direction; asl = above sea level. (17) is obtained from a local, DEM-scale analysis of the interconnection between rainfall, wind, and topography, in which only the sheltering effects of the four neighboring cells are considered for each given cell. This simplification is carried out by avoiding consideration of negative values of P c in (16) and is assumed to be allowed for capturing the broad features of the sheltering process. Note that the enhancement/reduction of p c given by (17) is linear with the wind speed components (w x and w y ). For instance, a precipitation of intensity R = 60 mm h Ϫ1 over a very steep land surface draining with a slope of 100% along the Ϫx direction (A 3 = A 0 , A 1 = 0, and A 2 = A 4 ) yields values of p c as large as 80, 100, and 120 mm h Ϫ1 and values of p c as small as 0, 20, and 40 mm h Ϫ1 for wind speeds w x of 2, 4, and 6 m s Ϫ1 and Ϫ6, Ϫ4, and Ϫ2 m s Ϫ1 , respectively. It is finally noted that the variability of N 0 and ⌳ mentioned above may have a great influence on rainfall estimates provided by (17); thus, caution must be exercised in applying (17) to different precipitations with respect to those considered in this work [i.e., rainfall dominated by large drops (thunderstorms)].
FIG. 3. Acquabona Site DEM (30

APPLICATIONS
The developed formulation is tested with reference to the Fiames and Acquabona mountain slopes, located in the Northern Italian Dolomites, near the town of Cortina d'Ampezzo. These two sites are of primary importance for their ability to deliver dangerous debris flows in response to summer precipitations of convective nature characterized by short durations and high intensities. Digital data are available in the study area for the description of both topography (DEM data) and land surface properties (digital terrain models data). Three-dimensional views of the Fiames and Acquabona mountain slopes are shown in Figs. 2 and 3, respectively. Upland source areas (draining into the T locations) and debris flow channels (T-D) are identified as areas where triggering surface runoff hydrographs concentrate and where debris flows propagate, respectively. Two additional subcatchments draining into locations W and E also are identified at the Acquabona mountain slope to provide details on the distributed storm-flow response of this slope (Fig. 3) . As shown in Figs. 2 and 3 , terrain at the Fiames and Acquabona sites is very rugged. Relevant topographic characteristics of the selected subcatchments are reported in Table 1 . These characteristics are the upstream drainage area A, the minimum, maximum, and mean elevations (z min , z max , and z mean , respectively), the mean land surface slope S, and the mean drainage orientation with respect to north direction DO. At both the sites, land surface is composed of fractured rock cliffs and of debris conoids at the base of these rock cliffs. With respect to rainfall peaks of summer thunderstorms, near-surface soil hydraulic conductivity is low (ϳ10 0 mm h Ϫ1 ) in upland rocky areas and high (ϳ10 2 mm h Ϫ1 ) in lowland debris areas. Owing to fine dolomitic material that partially fills pores in the soil system, storm water infiltrated into debris areas generally tends to be retained (by capillary effect) rather than transmitted (by gravitational effect) to the water table and to downslope areas. The climate is Alpine. The rainy season lasts from May until October, with peaks in June, July, and August. A network of advanced weather stations in the Cortina d'Ampezzo area allows a reasonably accurate monitoring of atmospheric variables for both the Fiames and the Acquabona sites. In addition, to study debris flows at the Acquabona site, the Dipartimento di Geologia, Paleontologia e Geofisica of the Università degli Studi di Padova recently installed a fully automatic and remotely controlled monitoring system composed of a weather station, three pressure transducer sets along the channel bed, and three video cameras (Berti et al. 1998) . Unfortunately, this monitoring system can hardly be equipped with surface runoff measurement stations owing to the prohibitive costs of installation and maintenance and to the risk of debris flows that would likely severely damage these stations.
Attention is focused in this study on the distributed hydrologic modeling of the upland source areas that deliver triggering surface runoff hydrographs to the debris flow channels (at the T locations in Figs. 2 and 3) , with special emphasis on the effect that wind may produce on precipitation intercepted by steep land surface. It is stressed here that the precipitations of interest for the study of debris flows in the Cortina d'Ampezzo area are exclusively summer thunderstorms of convective nature and for these particular circumstances the expressions [(11)- (13)] of the drop size distribution used in the previous section appear adequate. Under the circumstances of interest, runoff generation is dominantly infiltration excess (Hortontype) overland flow and the model developed in Orlandini et al. (1996 Orlandini et al. ( , 1999 , Orlandini and Rosso (1998), and Orlandini (1999) can be used to describe water yield from hillslopes and runoff hydrograph concentration along the drainage system. This model consists of a time compression approximation soil water balance model that provides local contributions to surface and subsurface runoff at each DEM cell and for each time step of the discretized simulation period. These local contributions are routed downstream by means of two diffusion wave schemes based on the Manning-Gauckler-Strickler and Darcy flow equations, respectively. At the hillslope base, subsurface runoff is drained by the channel network and it is routed (along with surface runoff) toward the catchment outlet.
As shown in Figs. 2 and 3 , the source areas draining into the T locations at the Fiames and Acquabona sites are horizontally discretized into 191 and 389 DEM cells, respectively, with a 30-m grid spacing. The DEM is processed to obtain estimated distributed terrain slopes, the automatically generated drainage network, and the area components introduced in the previous section to describe each elemental land surface system. Hillslope rill and network channel cells are identified through the ''critical support area concept'' with constant threshold A t = 0.0450 km 2 , corresponding to 50 DEM cells.
This threshold area produces a network that generally compares favorably with channel lines observed in the aerial surveys, although manual correction of a few flow directions is needed to reproduce the geologic control of narrow rock formations on drainage paths. Surface cover and soil properties are assigned to each DEM cell on the basis of the available thematic maps and Gauckler-Strickler roughness is estimated at each DEM cell on the basis of data reported in the literature [e.g., Emmett (1978) , and Bathurst (1993) ] and of times of travel of storm-flow hydrographs recorded by pressure transducers at the Acquabona monitoring system mentioned above. Local contributions to infiltration excess runoff in response to the September 5, 1997, Fiames storm event and to the June 12, 1997, Acquabona storm event are calculated at 5-min time step resolution. Atmospheric forcing is described at the Fiames and Acquabona sites using measurements from the closer stations (among those of the network and of the Acquabona monitoring system mentioned above) and assuming these measurements as spatially uniform model inputs. The considered stations are the Podestagno station (3 km from Fiames), the Faloria station (6 km from Fiames and 1 km from Acquabona), and the Acquabona station (at location T of the Acquabona site, Figs. 3 and 4) . In particular, measurements of precipitation intensity, wind speed, and wind vector direction are shown in plots (a)-(c), respectively, of Fig. 5 for the Fiames storm The simulated hydrologic responses of the Fiames and Acquabona mountain slopes to the 3D reproduced rainfall fields (3DRRFs) obtained through the formulation described in the previous section are expressed in terms of spatial distribution of cumulative ground level precipitation and rainfall excess depths in Figs. 7 and 4 , respectively, and in terms of surface runoff hydrographs at selected locations in Figs. 8 and 9 , respectively, where the responses to the 3D measured (vertical) rainfall field (1DMRF) also are plotted to evaluate the impact of the developed formulation. Terms ''measured'' and ''reproduced'' in 1DMRF and 3DRRF, respectively, are used to remark that the 1D rainfall field is based only on rain gauge measurements R (= Ϫp z ), with p x and p y being assumed equal to zero, whereas two components of the 3D rainfall field (p x and p y ) are reproduced on the basis of the physically based formulation developed in the previous section. Several rele- vant rainfall and runoff characteristics of the simulation events at the selected subcatchments (Table 1) , for both the 1DMRF and 3DRRF cases, are reported in Table 2 . These characteristics are the total rainfall volume intercepted by a given subcatchment during the storm event, the related rainfall excess volume (resulting from the simulated land surface partitioning), and the related hydrograph peak discharge at the subcatchment outlet (resulting from the simulated runoff routing). The relative variation
where V (и) = generic variable; and the acronym in parentheses indicates the corresponding simulation case. Eq. (18) is used to evaluate the impact of the 3DRRF formulation with respect to the standard 1DMRF formulation.
DISCUSSION AND CONCLUSIONS
The Fiames and Acquabona study cases presented in the previous section provide illustration of the interception and sheltering effect, respectively, which may occur when precipitation significantly affected by wind comes into contact with steep land surfaces.
Regarding the Fiames site, September 5, 1997, storm event, it may be observed that during the period of maximum precipitation intensity [ Fig. 5(a) Fig. 7(a) ] due to the effect of subsequent higher wind speeds on smaller rainfall intensities (Fig. 5) . A similar pattern is obtained for the spatial distribution of cumulative rainfall excess depth, as shown in Fig. 7(b) . These effects are expressed in terms of surface runoff hydrographs at location T in Fig. 8 and are evaluated numerically in Table 2 . Total rainfall volume intercepted by land surface is increased to about 12%, from 4,882 m 3 (corresponding to a 28.4-mm cumulative rainfall depth over a 0.1719 km 2 catchment area) in the 1DMRF case to 5,470 m 3 in the 3DRRF case. This effect is enhanced by the infiltration excess runoff production mechanism, which is sensitive to precipitation intensity peaks rather than to cumulative precipitation depth. The simulated enlargement of total rainfall excess volume is of about 53%, from 2,135 to 3,270 m 3 . Peak discharges at location T result in an enhancement of about 94%, from 0.77 to 1.49 m 3 s Ϫ1 . The simulated effect of wind on the September 5, 1997, storm-flow response of the Fiames site mountain slope may explain, at least in part, the relatively large magnitude (5,000-6,000 m 3 ) of the observed debris flow, with respect to other observed debris flows, triggered by the measured rainfall of a return period >5 years. The simulated hydrograph (for the 3DRRF case) shown in Fig. 8 produces simulated debris flows in the downstream channel that are consistent with observed debris flow depths along the channel and with the estimated deposit volume (M. Papa, personal communication, August 20, 1998) .
Regarding the Acquabona site, June 12, 1997, storm event, it may be observed that during the period of maximum precipitation intensity [ Figure 6(a) ] the wind vector is oriented in the southwest direction [wind vector direction approximately equal to Ϫ160Њ, Fig. 6(c)] , with magnitude ranging approximately from 1 to 2 m s Ϫ1 [ Fig. 6(b) ]; thus, an overall sheltering effect of land topography on the area draining into location T, A T (DO = Ϫ121Њ, Table 1 ) may be expected. The spatial distribution of cumulative ground level precipitation depth shown in Fig. 4 (a) reveals a slight reduction (with respect to the value of 34.2 mm recorded by the rain gauge) in the upper part of A T (area A W draining into location W, DO = Ϫ95Њ, Table 1 ) and a relatively larger reduction (with respect to 34.2 mm) in the eastern part of A T (area A E draining into location E, DO = Ϫ129Њ, Table 1 ). A similar pattern is obtained for the spatial distribution of cumulative rainfall excess depth, as shown in Fig. 4(b) . These effects are expressed in terms of surface runoff hydrographs at locations W, E, and T in Fig. 9(a-c) , respectively, and are evaluated numerically in Table 2 . In particular, total rainfall volume intercepted by A T is reduced to about 16%, from 11,973 m 3 (corresponding to a 34.2-mm cumulative rainfall depth over a 0.3501-km 2 catchment area) in the 1DMRF case to 10,021 m 3 in the 3DRRF case. This effect is enhanced by the infiltration excess runoff production mechanism, which is sensitive to precipitation intensity peaks rather than to cumulative precipitation depth. The simulated reduction of total rainfall excess volume is of about 26%, from 6,706 to 4,972 m 3 . Peak discharges at location T result in a reduction of about 28%, from 2.18 to 1.58 m 3 s Ϫ1 . The simulated effect of wind on the June 12, 1997, storm-flow response of the Acquabona site mountain slope may explain, at least in part, the relatively low magnitude (6,000-7,000 m 3 ) of the observed debris flow, with respect to other observed debris flows, triggered by the measured rainfall of a return period <19 years. The simulated hydrograph (for the 3DRRF case) shown in Fig. 9 (c) produces simulated debris flows in the downstream channel that are consistent with observed debris flow depths along the channel and with the estimated deposit volume (M. Papa, personal communication, August 20, 1998) .
Additional comments are also possible regarding the distributed effects of wind on surface runoff hydrographs delivered at locations W and E. Although no distributed runoff measurements are available to validate the obtained results, the simulation results are corroborated by visual observations reported (and video recorded) by Berti and Simoni (1997) , who were working on the Acquabona monitoring system during the June 12, 1997, debris flow event. They clearly observed a dominant contribution to surface runoff from the west side of A T (subcatchment A W draining into location W, Figs. 3 and 4) and a relatively minor contribution from the east side of A T (subcatchment A E draining into location E, Figs. 3 and 4) . This evidence is reproduced by the simulated surface runoff hydrographs at locations W and E, as shown in Figs. 9(a and b) , respectively, and as expressed numerically in Table 2 . In the 3DRRF case the surface runoff hydrograph delivered at location W is significantly larger than the hydrograph delivered at location E, both in terms of runoff volume (about 1,218 and 828 m 3 , respectively, rainfall excess volumes in Table 2 ) and in terms of peak discharge (0.58 and 0.26 m 3 s Ϫ1 , respectively).
Because W and E drain almost the same area (A W = 0.0657 km 2 and A E = 0.0612 km 2 ) and soil hydraulic properties are almost uniform in the upper part of the Acquabona catchment, the different responses of A W and A E may be attributed to the different interception/sheltering effects of land surface on rainfall affected by wind. This is substantiated by the different variations of results obtained in the 3DRRF case with respect to those obtained in the 1DMRF case at locations W and E, as shown in Figs. 9(a and b) , respectively, and as expressed numerically in Table 2 in terms of relative variation [(18) ] of rainfall volume, rainfall excess volume, and peak discharge, namely, Ϫ8, Ϫ11, and Ϫ11% and Ϫ22, Ϫ34, and Ϫ42% at locations W and E, respectively.
Simulation results shown in Figs. 4 and 7-9 and expressed numerically in Table 2 reveal that, under atmospheric conditions characterized by simultaneous rainfall and wind (such are those described in Figs. 5 and 6 ), the description of the interception effect of land surface on reproduced 3D rainfall fields may have a significant impact on simulated storm-flow responses of steep mountain terrains (such as the Fiames and Acquabona mountain slopes shown in Figs. 2 and 3 , respectively). These results seem to provide a realistic explanation of the relatively high magnitude of the September 5, 1997, Fiames debris flow event (5,000-6,000 m 3 ) and of the relatively low magnitude of the June 12, 1997, Acquabona debris flow event (6,000-7,000 m 3 ) with respect to the recurrence of the related precipitation measurements (about 5 and 19 years, respectively). The analysis carried out must be qualified by the assumptions underlying the developed formulation [especially those regarding (1) the selected drop size distribution; (2) the simplified description of airflows over complex terrains; and (3) the simplified description of the possible sheltering effect of land surface], by the approximate description of the atmospheric model input, and by the lack of flow measurements to conduct a direct validation of the simulated responses of the subcatchments. The work presented in this paper must be regarded as the first important step for identifying the relevant processes that determine the hydrologic response of specific mountain slopes (the Fiames and Acquabona mountain slopes) to specific atmospheric forcing (summer thunderstorms of convective nature). As a next logical step, on the basis of the obtained results, more detailed field inspections will be addressed to check the model assumptions and to provide more accurate and comprehensive hydrologic interpretations. Even at the present stage, consistency of the obtained simulation results with visual observations of the Acquabona storm-flow event and with estimates of debris flow deposits available for the Fiames and Acquabona events appears encouraging and reveals that the developed formulation may constitute a useful diagnostic tool for providing interpretation of storm-flow hydrographs delivered by steep mountain slopes in response to storm precipitations affected by wind.
APPENDIX I. DERIVATION OF EQ. (17)
Precipitation discharge P c at the elemental DEM-based land surface system sketched in Fig. 1 is explicitly expressed on the basis of (1) Using equations (7), (8), and (10) to express the components p x , p y , and p z , respectively, of the apparent precipitation flux p and rearranging yields thus, precipitation discharge per unit horizontal area is given by where the units of millimeters per hour are maintained for (P c /A 0 ) and R, whereas the units of meters per second are used for wind components w x and w y . The factor 0.3202 Ϸ 1/3.1232 in the second term of the right-hand side of (23) is approximately given as the product of 8.8941 ϫ 10 Ϫ8 and 3.6 ϫ 10 6 , with 1 m s Ϫ1 being equal to 3.6 ϫ 10 6 mm h Ϫ1 . Combining (16) and (23) yields (17).
APPENDIX III. NOTATION
The following symbols are used in this paper: A = upstream drainage area; A T = upstream drainage area at location T; A i = areal components of elemental DEM-based land surface system (i = 0, . . . , 4); A t = threshold drainage area; D = raindrop diameter; DO = mean drainage orientation with respect to north direction; N(D) = drop size distribution (cm ).
